The use of a multiple-source schlieren system was studied for application to wind tunnels employing perforated walls. Visibility equations are derived showing the influence of geometrical parameters on the schlieren photograph background pattern for first one and then two tunnel walls. A uniformly illuminated background pattern is shown to be easily attained with a single perforated wall, but not with two identically perforated walls. A method of obtaining a uniformly illuminated background pattern for the two wall case by relocating the holes in one perforated tunnel wall is discussed. The use of an external source plate is shown to increase system sensitivity at no sacrifice in background pattern. The multiple-source schlieren system is also shownto be useful with transparent walls where the conventional system is unsatisfactory. Conjugate conditions in the image space
NOMENCLATURE

INTRODUCTION
With the advent of perforated test section walls in transonic wind tunnels, the conventional type schlieren system has proved to be inadequate for schlieren observations. Photographs of the flow, obtained by using parallel light directly through the tunnel walls with the perforations aligned, give insufficient coverage of the flow field. The common practice of inserting plate glass windows into the tunnel walls is also unsatisfactory because flow through these closed portions of the walls is prohibited, resulting in objectionable flow disturbances.
The study of means of observing flow disturbances through perforated walls by the United Aircraft Research Laboratory (UAC) led to the application of the multiple-source, sharp-focusing schlieren system. The results of the UAC studies, as summarized in Ref. 1, led to their formulation of an empirical equation defining the critical geometric parameters of the system for such application.
As perforated walls will be employed in the Propulsion Wind Tunnel (PWT) at the Arnold Engineering Development Center, a study of such application was started in August 1954. Although this investigation involved the utilization of a multiple-source schlieren system in this particular wind tunnel, the design relationships which were established are of a general nature and should be applicable to any such system. This report was therefore prepared in order to more widely disseminate this information.
The authors wish to acknowledge the early work at AEDC on this subject by C. Link which laid the groundwork for the studies herein reported. The assistance in the experimental studies by B. A. Barwise and the suggestions of Dr. B. H. Goethert are also gratefully acknowledged. A series of holes or slits illuminated by a source of diffused light serves as a source plate, in effect, as a multitude of small light sources. The camera side of the system consists of a field lens, a cutoff plate (a negative image of the source plate), and the image plane of the field in view.
SHARP FOCUSING
The sharp focusing property of a multiple-source schlieren system was pointed out in the early reports on this system (Refs. 2, 3 and 4). This property is dependent on the divergent rays of light from the object, with the focusing action increasing as the angle formed by these rays increases. These rays are converged by the lens, and the overlapping of the various light rays forms a final image. This property does not exist in a conventional schlieren system in which a single source of light is used.
In contrast to a conventional schlieren system, in which the field of view can be no larger than the largest optic or mirror, the field of view in a multiple-source system is primarily dependent upon the size of the source plate. Uniform illumination of the field is obtained within the double cone between the source plate and the lens (see Fig. 1 ). In the remainder of the field, vignetting occurs as the edges of the field are approached. The size of the source plate required to prevent vignetting for a given size field, as pointed out in Ref. 3 , is given by the equation:
"o
SENSITIVITY
The geometric parameters which have an effect on the sensitivity of a multiple-source system are derived in Ref. As can readily be concluded from consideration of Fig. 2 , the range of the system is defined by:
Consequently, the sensitivity of a system is a maximum when the range of the system matches the deflection range of the disturbances under observation. A decrease of the slit width or hole diameter below this value will result only in a reduction of the range of the system. In a multiple-source system, enough space should be provided between the AEDC-TR-56-1 source holes or slits to prevent the most highly deflected rays from interfering with adjacent cutoff images.
As stated in Ref. 1, the displacement of light at the image of the source ( §') relative to the width of the image of the source id') is a measure of the relative sensitivity of the system. From Fig. 2 , it is evident that the ratio -|^ is equal to A. , and that for small angles of deviation:
giving:
Therefore, the geometric parameters which affect the range or the relative sensitivity of a multiple-source schlieren system are the distance between the source plate and object plane (P s -P 0 ) and the diameter {d) or width, as the case may be, of the individual light sources. By replacing (P s -P 0 ) in the equation by the focal length {F) of the principal optic in a conventional system, the resulting expression has the same form as the equation for the relative sensitivity of a conventional schlieren setup.
As noted in Ref. 1, the increase in illumination is directly proportional to the displacement of the light ray for a slit source only. For a circular light source, the increase in illumination is no longer a linear function of displacement.
LIMITATIONS
Because of the divergence of the light rays in a multiple-source system, difficulty is encountered in the observance of flow phenomena along the surfaces of two-dimensional models. As the surface of the model is approached, the number of light rays contributing to form the image of boundary disturbances is successively reduced resulting in insufficient illumination and therefore poor resolution of boundary phenomena.
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BACKGROUND PATTERN FOR A SINGLE WALL
Studies of the adaptation of the multiple-source schlieren system to the Propulsion Wind Tunnel were initiated by utilizing one of the tunnel walls as the source plate with the other wall removed. The objective was to define the critical parameters of the system which affect the background lighting as produced by the multitude of, point light sources (perforated holes) at various planes throughout the viewing field.
ANALYTICAL DEVELOPMENT
The analytical development of the problem, as suggested by Dr. Goethert, can most easily be shown with reference to Fig The diffused diameter of a single hole at any object plane of the field of view is:
When a number of holes are considered, a visibility parameter {V SU] ) can be introduced in the form: Although the images of the holes should just touch for V sw = 1. 00 (see Fig. 4a ), the decrease in light intensity as the edge of the hole is approached is evidently enough not to expose the photographic film. As seen from the photographs, a satisfactory background pattern is obtained with a parameter below 0. 5. Use of a single wall as a multiple light source plate should cause no difficulty from the point of view of a background pattern since most applications should allow values below 0. 5 to be easily attained.
BACKGROUND PATTERN FOR TWO WALLS
After the studies with a single wall, the other tunnel wall was added to the system. This configuration corresponds to that studied in some detail by the United Aircraft Research Laboratory (Ref. 1). The objective in this case also was to define the critical geometric parameters of the system affecting the background lighting at various planes between the two walls.
UNITED AIRCRAFT STUDIES
United Aircraft conducted an extensive experimental program to define the critical geometric parameters which affect the performance of a multiple-source system using the two-wall configuration. From these tests, an empirical equation was developed in terms of a visibility number. This equation, developed for a wall of 22. 5-percent porosity, a 30° coplaner rotation of one wall with respect to the other, and the object plane at the centerplane of the tunnel, is:
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A decrease in the value of this visibility number improved the system performance to the extent that values in the order of 0. 10 to 0. 20 gave acceptable results.
ANALYTICAL DEVELOPMENT
For the studies reported herein, the analytical development of a similar visibility equation was attempted. As Fig, 5 shows, the addition of a second wall breaks up the light cone from each hole in the source plate into a number of pencil rays. When more than a single hole is taken into consideration, it can be shown that a number of rays tend to stack upon a single light spot at the object plane depending upon the distance -and the wall rotation. As shown in the following development, the problem thus becomes one of (1) calculating the number of rays passing through a single light spot at the bbject plane, and (2) defining a means of uniformly distributing these rays over this plane. and since the number of holes in a given area of perforated wall with a triangular hole pattern is:
AEDC-TR-S6-1 the number of holes in this area and, therefore, the number of light rays passing through a single light spot at the object plane is: It should be noted that the above calculated hole number corresponds to a perforated wall area of such a size that all rays passing through it are captured by the lens.
With respect to the second part of the problem, a method is desired of defining a means of locating the perforated holes in the two walls so that a uniform distribution of the light rays over a unit area is attained. The following discussion indicates the results which can be expected using two walls with an identical hole pattern, and presents a method of redistributing the holes in the second wall to obtain a uniformly illuminated background.
For the case of two walls with a repeating, identical hole pattern (triangular for the example discussed), the ray traces in Fig 0 7 show the results which maybe expected. With no rotation of the hole pattern of one wall with respect to the other (see Fig. 7a ), a centerplane pattern identical to that of the walls is obtained with the spacing between holes (o 0 ) equal to one-half that of the wall plates. It can be shown that the addition of more holes to either plate will add more spots, according to the wall pattern, to the centerplane and further stacking of rays at additional spots. The maximum number of stacked rays at a single spot will be determined by and will be equal to the number of holes in the wall with the minimum number of contributing holes. In taking the case of two identical wall plates where the hole spacing (a) is twice the hole diameter ( A 30 rotation of one wall with respect to the other for the pattern shown (Fig. 7b) will unstack the light rays, but due to the symmetry of the wall hole patterns a repeating centerplane pattern will be obtained as shown. Furthermore, unequal spaces, a 0 , between various pairs of holes in the pattern at the centerplane cause a nonuniform illumination of the background. Since it can be shown that the rays are unstacked to the greatest extent at the centerplane for a value of 30° between the 0° and 60° extremes, the 30° value should give the most uniform pattern.
Another method of unstacking the light rays is shown in Fig. 8 .
In this case the hole spacing between the four holes shown on the second wall plate is reduced to one-half that of the source plate, giving a centerplane pattern identical to that of the source plate, but at onefourth the hole spacing. Thus, for a wall of 22. 5-percent porosity, the visibility number (V tw ) is reduced to 0. 5. A control of the visibility number is therefore obtained by a reduction in the hole spacing of the second wall. It can also b e shown that a reduction of the hole pattern in the second wall to one-third in the case of nine holes, one-fourth in the case of sixteen holes, etc. , will give a uniformly spaced centerplane pattern with no stacking of rays. The visibility number for these specific cases can therefore be obtained. A reduction in the hole spacing of the second wall, as indicated in the previous discussion, becomes impossible in almost all cases since the holes would overlap. This reduction in hole spacing is not a necessity, however, since the main point of concern is that the holes are relocated in the same positions relative to the original hole pattern as obtained by reducing the pattern. This relocated pattern for the case utilizing 16 contributing holes is shown in Fig. 9 . The reduced and original hole patterns are also shown for comparison. In order to obtain a relationship between the visibility parameter given by Eq" (15) and the geometric parameters of the system, the dependence of A/ in Eq. (15) upon these parameters is required. Equation (11) gives the parameters upon which JV depends for a wall with the original hole pattern. From Fig. 9 it can be seen that the derivation of Eq. (11) would also apply, to a very close approximation, to a wall with a relocated hole pattern. Therefore, a combination of Eqs. (11) and (15) gives the geometric parameters which affect the background pattern for the relocated hole pattern:
since the porosity for a plate with a triangular pattern of holes can be expressed as:
Other forms of the visibility equation are:
For the case of the reduced hole pattern, assuming that the holes did not overlap and that the lens is placed at the second wall, the lens area and therefore diameter (D) could be decreased to the same extent as the area of the hole pattern. However, when the lens is displaced some distance from the wall and more than a single set of reduced holes is required to illuminate the object field (as will generally be the case), then Eq. (11) will again define the geometric parameters which affect N. Equations (16) and (18) would therefore apply to this latter case also.
For the case of determining the geometric parameters for the centerplane at a fixed porosity (for example, 22.5-percent as in the UAC tests, Ref. 1), the visibility equation is:
The similarity between this equation and that empirically derived by UAC (see Eq. (6) ) is noted.
By means of additional geometric analysis, it can also be shown that a uniform background pattern can be obtained for a triangular hole pattern in which the number of contributing holes is other than the square of an integer. The method of 1 locating the holes in these cases involves a rotation of the pattern as well as a reduction in hole spacing according to Eq. (13). Equations (15), (16) and (18) also hold for these cases. A listing of the number of contributing holes (here shown only up to a maximum of 25 holes) which can be uniformly distributed and the resulting visibility number at the centerplane for typical a/d ratios is made in Table 1 for reference. In order to demonstrate the means of unstacking the light rays previously discussed, a test configuration was chosen with four contributing holes at a hole spacing to hole diameter ratio of 4. The patterns obtained are shown in Fig. 10 . Figure 10a shows the centerplane pattern obtained with the walls identically oriented (0° rotation). The light spots are spaced at one-half of the spacing at the wall and are stacked as shown in Fig. 7a . In Fig.  10b , the second wall was rotated 90°, which resulted in an unstacking of the rays; however, the pattern is nonuniform. Figure 10c demonstrates the uniform pattern which can be obtained by reducing the hole spacing in the second wall by a factor of 2, as discussed previously.
As pointed out previously and tabulated in Table 1 , a wide choice of visibility number and therefore background pattern is attainable with a source plate of a 60° triangular hole pattern. The improvement in background pattern for a wall of 22. 5-percent porosity as the number of contributing holes is increased is shown in the series of photographs in Fig. 11 . 
SENSITIVITY CONSIDERATIONS
In the application of a multiple-source schlieren system to any large wind tunnel, the use of a tunnel wall as the source plate would require smaller holes than would normally be used in order to obtain sufficient sensitivity. A modification to the system was therefore tested in which a source plate external to the tunnel wall plates was added. The use of this additional plate offered the two-fold advantage of an increased distance between the source and object plane (P s -P 0 ) as well as the possibility of using small hole sizes or even narrow slits in the source plate. Figure 12 presents the results of a test of the modified system with a candle flame used as the disturbance. The external source was a plate consisting of perforated slits placed to give a total range of 1. 2 minutes as compared to 32 minutes when the far wall was used as the source plate. Figure 12a was obtained with no simulated tunnel walls; and because of the large distance between the source plate and object plane, the background pattern of the source plate is not noticeable. An excellent definition of the heat waves from the candle flame is obtained. For the single wall cases, Figs. 12b and 12d , the resulting background visibility number (V su ) is 0. 21. Since the cutoff plate used in the configuration to obtain Fig. 12d obscures a portion of the diffused hole image, a definite nonuniformity in the background pattern of this picture can be noted. The heat waves are still well defined with an external source whereas definition with the wall source is quite poor. The background visibility number {V tw ) for the two wall cases (see Figs. 12c and 12e) is 0.25. The effect of the cutoff plate can again be noted in Fig. 12e . A comparison of the definition of the heat waves for the cases with two walls again shows an appreciable gain in sensitivity using an external source.
The use of an external source plate thus offers a convenient means of improving the sensitivity of a system when applied to a tunnel in which the parameters which affect sensitivity are not compatible with the sensitivity requirements. This setup also allows mounting the source plate independent of the tunnel walls, thus increasing its adaptability to various tunnel and optical configurations. Caution should be exercised, however, when the sensitivity parameters are changed towards increased sensitivity, since the physical alignment of the cutoff plate becomes more difficult.
TRANSPARENT WALL APPLICATION
Because of its sharp focusing property, the multiple-source schlieren system offers a convenient means of observing flow disturbances through transparent material of poor optical quality, such as inexpensive plate glass or various forms of plexiglass. As in the case of the holes in perforated walls, the striae in the walls are sufficiently outof-focus so as not to interfere with the observation of the flow disturbances under study. 
CONCLUSIONS
The investigation of the application of a multiple-source schlieren system to perforated wall wind tunnels has led to the following conclusions:
1. The background pattern for a single wall of triangular hole pattern when used as the source plate in a multiple-source schlieren system is a function of the ratios of the hole spacing to hole diameter, of the lens-to-hole diameters, and of the distance between the source and object to the distance between the lens and object.
2, A uniformly illuminated background pattern with no stacking of light rays can be attained at only a single plane between two walls of identical hole pattern and a fixed number of contributing holes. An acceptable pattern can be approached at other planes, however, with a coplanar rotation of one wall with respect to the other if a sufficient number of contributing rays per unit area is utilized.
